330

Journal of Lipid Research Volume 55, 2014
Cell cultures
The neuroblastoma cell line, Neuro2a, was purchased from American Type Culture Collection (Rockville, MD). Dhcr7 -defi cient Neuro2a cells were generated as previously described ( 28 ) . The cell lines were maintained in DMEM supplemented with L -glutamine, 10% fetal bovine serum (FBS) (Thermo Scientifi c HyClone, Logan, UT), and penicillin/streptomycin at 37°C and 5% CO 2 . All cells were subcultured once a week, and the culture medium was changed every 2 days. For AY9944 treatment, Neuro2a cells were plated at 5 × 10 4 /cm 2 in DMEM with 10% FBS. The following day the medium was replaced with serum-free medium (DMEM plus N2 supplement) with or without AY9944 (concentrations shown in Table 2 ) for 48 h. Cholesterol and 7-DHC were measured in cells grown for 48 h in cholesterol-defi cient serum (Thermo Scientifi c HyClone lipid reduced FBS). The harvested cells were washed with cold PBS (pH 7.4) and centrifuged at 1,000 rpm for 10 min at 4°C. Cell pellets were stored at Ϫ 80°C until further processing.
Frozen cell pellets were homogenized in RIPA lysis buffer (200 l) in the presence of 10 g/ml butylated hydroxytoluene (BHT) and 25 g/ml triphenylphosphine (TPP) for each plate. After protein measurement using Bio-Rad DC Protein Assay kit, the rest of the sample (185 l) was added to 2 ml of Folch solution (chloroform/methanol (MeOH) , 2:1, v/v) containing 0.25 mg/ml TPP, 0.005% BHT, and d 7 -7-DHC (25.8 ng) as an internal standard, followed by the addition of 1 ml of 0.9% NaCl. The sample was then vigorously vortexed and centrifuged. The lower organic phase was recovered, dried under nitrogen, and then used for PTAD derivatization as described below.
Mice
Dhcr7 -HET ( Dhcr7 tm1Gst/J
) mice were purchased from Jackson Laboratories (catalog # 007453). The mice were kept and bred in Division of Animal Care facilities at Vanderbilt University. For genotyping, the genomic DNA from mouse tails was extracted using the REDExtract-N-Amp tissue PCR kit (Sigma-Aldrich). Genotyping was performed using the following PCR primers: forward, ggatcttctgagggcagcctt; reverse, tctgaacccttggctgatca; neo, ctagaccgcggctagagaat. All procedures were performed in accordance with the Guide for the Humane Use and Care of Laboratory Animals. The Institutional Animal Care and Use Committee of Vanderbilt University approved the use of mice in this study .
Mouse dissection and processing of samples
WT and Dhcr7 -HET mice were collected for the analysis of P60 (2 months of age , adult). Whole blood was obtained from the trunk after decapitation. From the same mouse the following organs were obtained: liver, retina, peripheral nerve, optic nerve, spinal cord, and the brain. The brain was separated into halves by cutting it along the median sulcus. One-half was used for dissecting specifi c brain regions (cortex, cerebellum, midbrain/brainstem, hippocampus, olfactory bulb, and striatum) and one-half was used as whole so that all structures were present. The wet weight of different tissues was measured and recorded. All blood and tissue samples were frozen on dry ice and stored at Ϫ 80°C until further processing.
The blood (10 l) was added to 2 ml of Folch solution containing 0.25 mg/ml TPP, 0.005% BHT, and d 7 -7-DHC (25.8 ng) as the internal standard, followed by the addition of 1 ml of 0.9% NaCl. The resulting mixture was vortexed and centrifuged. The lower organic phase was recovered, dried under a stream of nitrogen, and then used for PTAD derivatization as described below. For tissue samples, 5 ml of ice-cold Folch solution containing 0.25 mg/ml TPP, 0.005% BHT, and d 7 -7-DHC (258 ng) as the internal standard were added and homogenized with a blade that leads to increased levels of 7-DHC. Recent studies show that 7-DHC is greatly increased with the use of some psychiatric medications and it seems likely that exposure to other pharmaceutical or environmental agents will cause elevated levels of 7-DHC ( 18, 19 ) .
We describe here a derivatization strategy for the analysis of 7-DHC that makes use of the reactive dienophilic and enophilic compound 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD). PTAD reacts with conjugated dienes by a Diels-Alder reaction as shown in Scheme 2 , a transformation that has been used as a basis of assays for vitamin D 3 ( 20 ) . Isolated alkenes react with PTAD by the ene reaction (21) (22) (23) (24) (25) , also shown in Scheme 2 , and this transformation converts Des to products that can be readily assayed by HPLC-MS. The protocol reported here readily detects 7-DHC and Des in the plasma of control populations as well as in WT tissues and cell cultures.
MATERIALS AND METHODS
Materials
Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO). HPLC grade solvents were purchased from Thermo Fisher Scientifi c Inc. (Waltham, MA) The [25,26,26,26,27,27,27-d 7 ]-7-DHC ( d 7 -7-DHC) and -8-DHC were obtained by chemical synthesis as previously described ( 14, 26 ) . The DHCR7 inhibitor AY9944 ( 27 ) was obtained from the Chemical Synthesis Core of the Vanderbilt Institute of Chemical Biology.
7-DHC analysis by PTAD cycloaddition
The injection volume was 10 l using a partial loop with needle overfi ll mode. MS detections were done using a TSQ Quantum Ultra tandem mass spectrometer (ThermoFisher), and data was acquired using a Finnigan Xcalibur software package.
Analyses of PTAD derivatized samples were carried out with an isocratic solvent of MeOH/HOAc (100:0.1, v/v) at a fl ow rate of 0.3 ml/min. Column life was not affected by the protocol and separations were unchanged after 1,500 injections. MS/MS analysis of the 7-DHC-PTAD derivative was acquired in the positive ion mode using atmospheric pressure chemical ionization (APCI) and selected reaction monitoring (SRM). MS parameters were optimized for 7-DHC-PTAD and were as follows: auxiliary gas pressure was set at 55 psi and sheath gas pressure was 60 psi, nitrogen was utilized for both. The discharge current was set at 22 A and the vaporizer temperature was set at 265°C. Collision induced dissociation (CID) was optimized at 12 eV under 1.0 mTorr of argon.
For the detection of 7-DHC without derivatization, the LC separation was performed with an isocratic solvent of ACN/ MeOH/HOAc (50:50:0.1, v/v/v) at a fl ow rate of 0.3 ml/min. MS/MS analysis was performed using APCI source in the positive ion mode. SRM was used for LOD determination. MS parameters optimized for 7-DHC were as follows: auxiliary gas pressure was set at 15 psi and sheath gas pressure was 30 psi, nitrogen was utilized for both. The discharge current was set at 12 A and the vaporizer temperature was set at 300°C. CID was optimized at 16 eV under 1.0 mTorr of argon.
Free sterol analysis by GC
For GC analysis of free sterol, the sample was processed in a similar way to the above procedure for lipid extraction, but using 5 ␤ -cholestan-3 ␣ -ol as the internal standard. Extracts were dried under nitrogen, converted to trimethylsilyl ether derivatives that were analyzed by GC, which was performed using a Hewlett-Packard HP6890 GC instrument equipped with a SPB-5 column (30 m, 0.32 mm i.d., 250 m fi lm thickness; Supelco, Sigma-Aldrich) and a FID. The injector was set at 220°C, and the following gradient was used: 220°C for 1 min, followed by 15°C/min up to 250°C, 1°C/min up to 275°C, and 275°C for 5 min.
RESULTS
Formation and properties of PTAD-sterol adducts
The reaction of 7-DHC with PTAD occurs readily at room temperature in nearly quantitative yield and the cycloadduct, 7-DHC-PTAD (shown in Fig. 1 ), is stable at room temperature for extended periods of time (>4 weeks). The 7-DHC-PTAD compound chromatographs well on normal or reverse-phase HPLC and it gives a strong signal at m/z = 560 Da for the protonated molecular species in positive ion APCI-MS. CID of the m/z = 560 Da ion gives a major fragment corresponding to the loss of PTAD and water at m/z = 365 Da.
Our initial approach for the analysis of biological samples was to extract lipids by the Folch method in the presence of a known quantity of d 7 -7-DHC, followed by addition of an excess amount of PTAD in methylene chloride or chloroform. While this method works well on a 7-DHC standard, HPLC-MS/MS analyses of biological samples using this approach were complicated by the fact that other sterols, such as cholesterol, 8-DHC, and Des, also react with PTAD. The complex set of products from cholesterol, homogenizer (POLYTRON system PT 1200 E; Kinematica AG, Switzerland) on ice for 0.5 min. After addition of 2 ml of 0.9% NaCl, the sample was then vigorously vortexed and centrifuged. Two hundred microliters of the lower organic phase was removed, dried under nitrogen, and then used for PTAD derivatization as described below. For subset of samples, frozen tissue was homogenized in the lysis buffer (125 mM NaCl, HEPES, NP40) in the presence of BHT and TPP. After protein measurement using the Bio-Rad DC protein assay kit, the rest of the sample was used for lipid extraction as described in the Materials and Methods section on Cell cultures . For all measurements, three samples in a group were used. The statistical signifi cance was measured using a two-tailed t -test in Microsoft Excel 2007.
Human plasma collection
Human blood taken in EDTA-coated tubes was wrapped with aluminum foil to minimize exposure to room light and was processed in a timely manner after the addition of a standard solution of BHT and TPP (10 mg BHT and 25 mg TPP in 10 ml of ethanol; 50 l/ml plasma). All plasma samples analyzed in this study were stored at Ϫ 80°C and shipped on dry ice. The plasma sample (10 l) was then added to Folch solution and processed in the same way as described above for the mouse blood samples. Sample collection for this study was approved by the ethics committee of the medical faculty of the University of Heidelberg, Germany (S-071/2012).
PTAD derivatization
For protocol development, the derivatization reagent, PTAD, was dissolved in different solutions (MeOH, methylene dichloride, and Folch solution) and samples were incubated at different temperatures ( Ϫ 80°C, 0°C, and room temperature) at various incubation times. The best results were obtained using freshly prepared solution of PTAD in MeOH; the reaction was fully completed after 30 min at room temperature. Our preferred experimental protocol was as follows: 200 l of 1 mg/ml freshly prepared PTAD solution in MeOH was added to the residues of cell and tissue extracts acquired as described above, the solutions were let stand at room temperature with occasional shaking for 30 min, and then transferred into sample vials. The samples were stored at Ϫ 80°C until analyzed by LC-MS/MS.
Sensitivity, stability, and repeatability of PTAD derivatization
To evaluate the sensitivity for MS detection of 7-DHC and Des before and after PTAD derivatization, limits of detection (LODs) and limits of quantitation for 7-DHC and Des with and without PTAD derivatization were determined by LC-MS/MS. The LOD was defi ned as a signal-to-noise ratio of 3 and the limit of quantitation was defi ned as a signal-to-noise ratio of 10.
The stability of PTAD derivatized sample mixtures (350 ng of Des, 45 ng of 7-DHC, and 25 ng of d 7 -7-DHC as internal standard for PTAD incubations) was evaluated by analyzing the sample (stored at room temperature) for 4 weeks. The intra-vial repeatability of PTAD derivatization was determined by repeated analysis (n = 3) of the same sample (350 ng of Des, 45 ng of 7-DHC, and 25 ng of d 7 -7-DHC as internal standard for PTAD incubations). The repeatability of PTAD derivatization for inter-vial comparisons was determined by measuring the samples of derivatization incubated in different vials under similar conditions (n = 3), described above for 7-DHC derivatization.
LC-MS/MS conditions and data analysis
LC separations were performed on a Waters Acquity UPLC system equipped with an autosampler (Waters, Milford, MA) using a Waters Acquity UPLC BEH C18 column (1.7 m, 2.1 × 100 mm). diffi cult to be reliably measured using traditional GC or GC-MS. Our methods showed signifi cant improvement for the analysis of 7-DHC in control and SLOS plasma samples. Figure 2A presents a typical HPLC-MS/MS analysis of a control human blood plasma using the PTAD procedure. Ten microliters of sample from a control volunteer was processed according to the procedures described in Materials and Methods. The levels of free 7-DHC determined for 17 SLOS patients by the PTAD protocol correlate well to the levels determined by GC analysis of the TMS derivative of free 7-DHC, see Fig. 2B .
Under our optimum conditions, analysis of 7-DHC by the PTAD protocol led to a 1,000-fold improvement in the LOD over direct analysis of free 7-DHC by HPLC-APCI-MS/MS. The analysis of 7-DHC-PTAD was carried out with d 7 -7-DHC as an internal standard, with the on column LOD being 0.02 pg . Calibration curves for the Des adducts (supplementary Fig. I ) show excellent linearity ( r 2 > 0.998). The relative standard deviation (RSD) for the peak area ratio of each PTAD derivatized compound to the internal standard ranged from 2.5 to 5.8% for intra-vial RSD and from 4.5 to 5.5% for inter-vial RSD, indicating a good precision of the PTAD derivatization method.
The potential for archiving PTAD-derivatized samples for storage and subsequent analysis was investigated by measuring the peak area ratio of each compound compared with the internal standard by LC-MS/MS over an extended which is usually the major sterol present in biological samples, elute on HPLC at retention times close to that of 7-DHC-PTAD, making rapid HPLC-MS/MS analysis of 7-DHC-PTAD very diffi cult.
To overcome this problem, we tested the PTAD reaction using 7-DHC, cholesterol, Des, and 8-DHC as substrates. A screen of different reaction solvents (CH 2 Cl 2 , MeOH, and Folch solution), temperatures ( Ϫ 80°C, 0°C, and room temperature), and reaction durations showed that addition of excess PTAD gave the stable adduct of 7-DHC quantitatively within 5 min at 0°C in all solvents. Cholesterol-PTAD ene products ( Scheme 2 ) began to form in CH 2 Cl 2 after 10 min incubation at room temperature, but MeOH suppressed the formation of this adduct. Thus, to avoid complications from cholesterol-PTAD adducts in the assay of 7-DHC, we chose the reaction in MeOH at room temperature for 30 min as the preferred PTAD protocol.
Under our MeOH PTAD protocol Des was converted nearly quantitatively to two products that separated from 7-DHC-PTAD under most HPLC conditions. These Des products could be separated by HPLC and they were characterized as the ene and solvent addition products of Des (21) (22) (23) (24) 29 ) shown in Fig. 1 .
7-DHC-PTAD assays in human plasma
Human plasma contains approximately 0.01 mg/dl of free (nonesterifi ed) 7-DHC ( 30, 31 ), a very low level that is with WT mice (304 ± 44 ng/ g protein). However this difference disappeared over time. At 7 months the cholesterol level decreased in both WT and Dhcr7 -HET mice and there was no longer a signifi cant difference in the level of cholesterol between the WT and Dhcr7 -HET brain (177 ± 34 ng/ g protein and 194 ± 30 ng/ g protein, respectively). In contrast, 7-DHC was signifi cantly increased in the Dhcr7-HET brain compared with the WT brain at both 2 and 7 months of age. Thus, at 2 months 7-DHC was 61 ± 13 pg/ g protein for WT and 149 ± 3pg/ g protein for Dhcr7 -HET, and at 7 months those values were determined to be 19 ± 3 pg/ g protein and 48 ± 4 pg/ g protein, respectively. Changes in cholesterol and 7-DHC levels similar to those in the brain were present in peripheral myelin as illustrated by data obtained from the sciatic nerve. While cholesterol was marginally decreased in Dhcr7 -HET nerves compared with WT nerves at 2 months, even this small difference was not present at 7 months. However, 7-DHC was signifi cantly increased at both time points in Dhcr7 -HET nerves compared with the controls, at 2 months 7-DHC was 760 ± 140 pg/ g protein for WT and 2,560 ± 500 pg/ g protein for HET, and at 7 months 7-DHC was 122 ± 33 pg/ g protein for WT and 360 ± 103 pg/ g protein for HET.
Overall cholesterol biosynthesis decreased in the brain over time, and at 7 months it appeared that there was no difference in cholesterol levels between WT and HET brains. Similarly, the overall 7-DHC level decreased over time in both WT and HET mice, however 7-DHC levels in HET brain were still at signifi cantly higher levels than in WT; therefore, 7-DHC expression does not normalize, but cholesterol does.
7-DHC-PTAD and Des-PTAD assays in the liver and blood of WT and SLOS heterozygous mice
Both 7-DHC and Des were readily detectable in the liver and blood samples of WT and Dhcr7 -HET mice. A typical chromatogram is shown in Fig. 4 . The peaks of 7-DHC and d 7 -7-DHC-PTAD adducts were observed at 1.51 min in Fig. 4A ( m/z 560 → 365) and 1.50 min in Fig. 4C ( m/z 567 → 372), respectively. The Des-PTAD ene product, Des-PTAD, and the PTAD MeOH addition product, Des-PTAD/ MeOH, coeluted under the rapid UPLC gradient and they were observed at 1.03 min in both Fig. 4A ( m/z 560 → 365) and in Fig. 4B ( m/z 592 → 365) . MS and NMR data of these adducts is provided in supplementary Fig. II . The solvent addition product Des-PTAD/MeOH underwent decomposition in the ionization source producing the abundant decomposition ion [M+H-32] + caused by a loss of MeOH. A characteristic ion fragment with m/z 365 was found in spectra for both the ene and solvent addition products. The time period. The PTAD derivatives of free 7-DHC and free Des gave consistent analytical results after 4 weeks of storage at room temperature in MeOH with no evidence of decomposition or loss of signal strength in the analysis.
7-DHC-PTAD assays in the nervous system of adult WT and SLOS heterozygous mice
Compared with other organs, the brain has a high content of cholesterol. While cholesterol concentration has been measured in numerous reports, 7-DHC concentrations have not been reported previously in the WT mouse nervous system. Therefore, we compared cholesterol and 7-DHC in adult WT and Dhcr7 -HET mice using the newly developed PTAD assay . We analyzed several brain regions (spinal cord, optic and peripheral nerves, and retina) (see Table 1 and Fig. 3 ) . In all samples, cholesterol and 7-DHC could be reliably determined.
In the adult WT mouse nervous system, the level of cholesterol ranges from 36 ± 12 ng/ g protein in the retina to 393 ± 76 ng/ g protein in the sciatic nerve, with levels of 304 ± 44 ng/ g measured in the brain. In adult HET mice, cholesterol was found to be 29 ± 5 ng/ g protein in the retina, 286 ± 17 ng/ g protein in the sciatic nerve, and 461 ± 80 ng/ g protein in the brain ( Table 1 ). The level of cholesterol in HET mice was signifi cantly increased in the whole brain compared with WT mice ( P < 0.04). This difference in the whole brain could be accounted for by greatly increased amounts of cholesterol in the cortex, because the other regions do not show statistically signifi cant differences ( Fig. 3 ) . 7-DHC levels were more variable than cholesterol, ranging from 5 ± 1 pg/ g protein in the WT retina to 760 ± 140 pg/ g protein in the WT peripheral nerve ( Table 1 ) . Notably, 7-DHC levels were greatly increased in all samples in Dhcr7 -HET mice compared with WT mice, with the highest levels found in the spinal cord (1,240 ± 310 pg/ g protein) and peripheral nerve (2,560 ± 500 pg/ g protein). While both whole brain and spinal cord had somewhat similar levels of cholesterol in WT samples, there was about four times more 7-DHC in the spinal cord than in the whole brain. In Dhcr7 -HET samples, this difference was even more pronounced with the level of 7-DHC in the spinal cord being eight times higher than in the brain. These differences most likely refl ect the difference in the ratio of gray and white matter within the brain and spinal cord.
Because cholesterol biosynthesis peaks during myelination and decreases in the adult brain, we analyzed cholesterol and 7-DHC at two age groups: 2-month-and 7-month-old mice. In the brain at 2 months, cholesterol was increased in Dhcr7 -HET mice (461 ± 80 ng/ g protein) compared supplementary Fig. III) . We found that 7-DHC could be reliably measured in about 5,000 control cells and Des in about 125 control cells. The correlation of 7-DHC with number of cells for Dhcr7 -defi cient Neuro2a cells is defi ned by the equations: 7-DHC (ng) = 2.645(cell number/1,000) with r 2 = 0 .98; and the value for Des was Des (ng) = 0.2579(cell number/ 1,000) with r 2 = 0 .99 . For WT Neuro2a cells, the correlation equations for 7-DHC and Des are: 7-DHC (ng) = 0.0078 (cell number/1,000) with r 2 = 0.94 and Des (ng) = 1.4186(cell number/1,000) with r 2 = 0.97. These data show that the PTAD method should be applicable to 7-DHC measurements in a single well of a 96-well plate.
DISCUSSION
Advances in lipid biology have been accelerated by powerful analytical techniques, principal among these being the use of HPLC-MS. Electrospray ionization (ESI) and APCI-MS methods coupled with HPLC and the use of deuterated lipid standards have played an essential role in recent advances in lipidomics. The Lipid Maps Consortium in particular, has made good use of these techniques to defi ne the important lipid classes and molecular species in a variety of biological fl uids, cells, and tissues (35) (36) (37) . Methods for analysis of many sterols and oxysterols that rely on HPLC-MS have been reported that are exquisitely sensitive [M+H] + ion was the dominant ion formed for each adduct and was used as parent in the SRM protocol in each case.
The PTAD method improves the sensitivity and speed of Des analysis as shown here and the method should fi nd general utility for sterols containing the ⌬ 24-25 double bond. A more complete analysis of several important sterols by the PTAD method is under investigation in the tissues and blood of Dhcr7 -or Dhcr24 -HET and -KO mice and the results of these investigations will be reported in due course. The method also offers the potential to screen the blood of human carriers of DHCR7 and DHCR24 mutations.
7-DHC-PTAD assays in cell cultures
As a fi nal demonstration of the PTAD assay we report on the use of the method to determine 7-DHC in cultures of control and Dhcr7 -defi cient Neuro2a cells. The comparison of control Neuro2a, Dhcr7 -defi cient Neuro2a, and Neuro2a cells treated with increasing concentrations of AY9944, a known inhibitor of DHCR7, is shown in Table 2 (32) (33) (34) . Control Neuro2a cells had very little 7-DHC while Dhcr7 -defi cient Neuro2a cells had greatly increased 7-DHC accumulation. In AY9944-treated Neuro2a cells, there was a dose-response increase in 7-DHC levels and 50 nM of AY9944 gave similar levels of 7-DHC as seen in Dhcr7 -defi cient Neuro2a cells. To determine the sensitivity of the assay, we measured 7-DHC in a specifi ed number of control Neuro2a and Dhcr7 -defi cient Neuro2a cells (supplementary Table I and used in synthetic transformations as a protecting group for the reactive diene substructure ( 47 ) . The studies reported here confi rm the reactivity of 7-DHC and PTAD and demonstrate that the Diels-Alder adduct is well-behaved on HPLC and is readily detected by MS. Perhaps equally important is the fact that the conjugated diene in the sterol ring B is stabilized toward oxidation by reaction with PTAD making biological samples suitable for subsequent storage or shipment and analysis. Thus, acquisition of plasma samples by methods that minimize peroxidation during collection ( 44, 45 ) followed by a workup that includes reaction with PTAD gives samples that are suitable for archival purposes. The workup is a simple modifi cation of the Folch method that does not require specialized equipment, the reagents are readily available and the chromatographic run is less than 5 min.
An added benefi t of the PTAD method is the fact that Des is also derivatized by an ene reaction with PTAD under the standard conditions of workup ( 29 ) . The Des-PTAD adducts (Des-PTAD and Des-PTAD/MeOH) readily separate from the 7-DHC-PTAD product by HPLC, and and convenient ( 36, (38) (39) (40) (41) (42) (43) , the recent work of Griffi ths and colleagues (38) (39) (40) (41) (42) being particularly noteworthy. 7-DHC poses particular problems for analysis because it undergoes free radical chain oxidation readily. Analysis of 7-DHC in biological tissues and fl uids can therefore be subject to large variability due to different conditions of sample storage ( 44 ) . Indeed, 7-DHC is one of the most reactive organic molecules known in free radical chain oxidation reactions, and samples containing this sterol may be compromised if appropriate care is not taken in sample collection and storage. The addition of the antioxidant BHT and the peroxide reducing agent TPP to samples as soon as possible offers some stabilization, but conversion of the conjugated diene to a more stable functionality by reaction with PTAD provides further protection ( 44, 45 ) .
7-DHC is a prototypical Diels-Alder diene and PTAD is one of the most reactive Diels-Alder dienophiles known. Indeed, the Diels-Alder adducts of PTAD and sterol ring B dienes, such as ergosterol and 7-DHC, have been known for over 40 years (46) (47) (48) . The PTAD adduct of 7-DHC has also been Fig. 4 . HPLC-MS analysis of liver tissue from a 2-month-old WT mouse using the PTAD analysis method as described in Materials and Methods. Des was analyzed at 1.77 ± 0.50 ng/mg tissue in the adult WT mouse liver while 7-DHC was determined to be 0.20 ± 0.05 ng/mg tissue . particular, they appear to have a higher incidence of increased lung airway reactivity and its associated symptoms and an elevated risk for poor pulmonary function, including asthma ( 51, 52 ) . While haploinsuffi ciency of the DHCR7 enzyme in HET carriers has not been associated with pathology, 7-DHC determination is not a generally common assay of the general population. The sensitive assay for 7-DHC in tissues and fl uids reported here provides a rapid means to identify samples having elevated levels of this reactive species, regardless of whether the cause of the increase is genetic or environmental ( 18, 19, 53 ) .
While 7-DHC accumulates in the Dhcr7 -HET liver, the overall load is more pronounced in the brain. Blood 7-DHC measurements refl ect biosynthesis in the liver and although differences in 7-DHC blood levels between WT and Dhcr7 -HET mice are not signifi cant, there are significant changes in the nervous system. Therefore the measurement of 7-DHC within blood may not refl ect fully the severity present in the nervous system.
We suggest that the PTAD method reported here presents a useful alternative for the analysis of 7-DHC and Des. These two compounds in the sterol pathway are receiving increased attention because of their critical position as immediate precursors of cholesterol. Rapid and reliable screening of biological tissues, fl uids, and cells for 7-DHC and Des at typically "normal" or "control" levels is now reasonably straightforward with the PTAD method. While the ring B alkene of cholesterol at ⌬ 5-6 has little or no reactivity as a PTAD ene reaction partner, sterols with alkenes located at other ring sites ( ⌬ 7-6 or ⌬ 8-9) may show greater reactivity and provide pathways for derivatization that prove useful. We note that biological samples that have elevated 7-DHC usually also have elevated 8-DHC and the PTAD protocol has not yet provided a clean assay for this isomer. At a minimum, the approach provides a sensitive and rapid fi rst screen to identify samples that have a distorted sterol profi le and studies that make use of and extend the protocol to other sterols are ongoing.
adducts of the two sterols can be readily distinguished by SRM in HPLC-MS. In MeOH, the isolated alkene at C24 of Des is apparently more reactive with PTAD than the ring B olefi ns present in that sterol or the similar alkene present in cholesterol. Thus, a MeOH-PTAD workup of samples containing cholesterol, Des, and 7-DHC provides an assay for both 7-DHC and Des without any complication by the presence of cholesterol, which is normally present at much higher levels than 7-DHC or Des. The on-column LOD of 0.02 pg makes the assay appropriate for analysis of cells in culture as well as biological tissues and fl uids.
Our previous studies of the mouse SLOS model ( Dhcr7 tm1Gst -KO mice) showed that almost all of the cholesterol in the brain of the P0 KO mouse was replaced by 7-DHC ( 13, 15 ). 7-DHC was not detected in WT samples because it was below the detection limit of the GC system used, which is also in agreement with previous studies of sterols in the brain ( 49 ) . Because Dhcr7 tm1Gst -KO mice die shortly after birth and very little 7-DHC is found throughout developing and adult WT mouse brain, using the PTAD assay, we designed experiments to compare 7-DHC and cholesterol in the adult WT and Dhcr7 -HET mouse samples with this new method. We found that 7-DHC was present at 1,000-10,000 lower levels than cholesterol: while cholesterol was measured in ng/ g protein, 7-DHC was measured in pg/ g protein. Within the WT nervous system, specifi c brain regions had greater variability in the levels of 7-DHC than in the levels of cholesterol, most likely refl ecting the difference in the expression of cholesterol biosynthesis enzymes or differences in the regulation of cholesterol biosynthesis.
In adult Dhcr7 -HET mice, 7-DHC was increased about two times compared with WT samples. The smallest increase of 7-DHC was in the retina and the largest increase was in the spinal cord. In addition to changes in neuronal 7-DHC levels, we found signifi cant increases in both the central and peripheral myelin of Dhcr7 -HET compared with WT mice. Because, for the most part, Dhcr7 -HET mice appear indistinguishable from WT mice, behavioral testing was undertaken to ascertain if there are basal behavioral differences between Dhcr7 -HET and WT mice ( 50 ) . Dhcr7 -HET mice did not differ from WT mice on basic measures of locomotor activity, anxiety, and neuromuscular ability. However, female Dhcr7 -HET mice at 6 months of age or older were signifi cantly more likely to win on the social dominance tube test against an unfamiliar mouse. Pharmacological testing, using the 5-HT2A agonist, 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane, showed increased head-twitch response in Dhcr7 -HET mice, which was apparent from 6 months of age. Based on these studies, it was suggested that the chronic accumulation of 7-DHC or 7-DHC-derived oxysterols in the HET nervous system may increase oxidative stress and underlie some of the behavioral changes observed in these mice ( 50 ) .
Two questions of potential interest are: what is the minimum amount of 7-DHC accumulation required for manifestations of pathology and are HET carriers vulnerable? It is of some interest that carriers of another autosomal recessive disorder, cystic fi brosis, appear to be more vulnerable to lung disorders and the related environmental stresses. In Supplemental Material can be found at:
